Abstract. 2014 The phase contrast imaging of surface steps in reflection electron microscopy is analysed. It is shown that the typical images are seriously affected by incoherence effects and that this arises, not from the strong inelastic scattering which is often present, but from the effective angular spread in the illumination which is frequently determined by the width of the Bragg reflection.
The magnetic prism system incorporated in the column of an electron microscope by Castaing and Henry [1] represented a pioneering advance in energy-selecting electron microscopy. Its potential for microanalysis was swiftly demonstrated [2] by the energy loss imaging of Mg Zn precipitates in Al alloys using characteristic spectral features in the valence region. Although this approach to microanalysis is less readily made quantitative than currently more fashionable techniques in the STEM, the immediate high-quality output is valuable, particularly for zero-loss, energy-filtered images and has lead to the development of the omega filter system.
Of more relevance here are the beautiful observations which Castaing and his colleagues made of the effects of inelastic scattering on diffraction contrast, transmission images of crystals. Their energy loss images showed interference features such as Fresnel fringes [3] , bend contours and thickness fringes [4] as well as stacking fault fringes [5] which were in many cases quite indistinguishable from the features of the zero-loss image. With a completeness which could not be matched by the alternative one-dimensional approach based on the Mollenstedt analyser [6, 7] , these results from the Castaing-Henry system vindicated the theory [8] Although thèse ideas hold in more general cases [9] they can be elaborated more quantitatively in the case of crystals via the concepts of Bloch waves, dispersion surfaces and interband or intraband scattering processes [8, 10, 11] . Diffraction contrast can be well preserved, even in thick crystals where multiple inelastic scattering effects predominate. The gradual loss of contrast arises from the finite spread of inelastic scattering angles associated with the spatial localisation of the process [11, 12] . This effect can be regarded as a form of increased spatial incoherence and becomes much more noticeable when images are formed at substantial defocus values [7, 13] .
In the past two decades, interest in these topics has waned as new developments in transmission microscopy moved first to weak-beam techniques and then to high resolution imaging involving considerably thinner crystals where the effects of inelastic scattering no longer dominate attention. Nevertheless, the possibly significant contribution from high-angle inelastic scattering to weak beam images has been noted [14] . The presence of lattice structure contrast in high resolution loss images was demonstrated in the STEM [15] and also occurs in the TEM [16] but is complicated there by the dependence of defocus value on energy loss.
Reflection electron microscopy (REM) is another imaging mode which has been increasingly used in recent years [17] . Inelastic Imaging of surface steps, extending down to those of only monatomic height is now a widely used procedure [17] in reflection electron microscopy (REM). Since the step contrast reverses on either side of exact focus, where it vanishes or nearly vanishes, step visibility has from the outset been ascribed [18] to a phase contrast effect. Figure 1 azimuth. Images (a) and (c) are taken in underfocus and overfocus conditions respectively. The exact focus condition occurs near the centre of figure lc where the step contrast is very weak. The dark ovals referred to in the text here appear to lie in valleys but are often observed as islands at the top of hills. 3 . Phase shift at a step.
In theory, the phase shift A4 across an unrelaxed step of height H is given [20] by an expression readily deduced from figure 2. (1) and (2) is the same as that between (3) and (2) and can be seen to be AB + CD = 2H sin 6. where B is the angle of incidence and A the wavelength, both measured well outside the crystal which is assumed to be oriented to excite the nth order Bragg reflection from planes of [21] . Lehmpfuhl and Uchida [22] have derived, by a rather more complicated argument, yet another expression for 039403A6 and given (in our notation) in terms of the energy E, Modulo 203C0 however, expressions (1) and (2) [21, 23] .
The relevance of either équation (1) or (2) to the usual REM image of steps is much less clear however. There is not so far evidence for instance that typical images show the dependence on n which equation (1) would suggest (see for example [18] [24] do indeed exhibit a much more complex fringe structure than the basic up-down or down-up profile observed at surface steps in REM images. On the other hand, the simple ray diagram approach, indicated in figure 3 with refraction effects at the step edge, is able to explain qualitatively all of the observed effects, including the sign of the contrast as a function of the defocus condition and the up or down sense of the step relative to the beam direction. This argument is rather similar to the one originally given by Osakabe et al. [18] although, since they ignored the refraction effect in equation (1), they were driven to assume that the existence of any phase shift modulo 203C0 across the step essentially arises from relaxation near the step. The success of this simple ray model of figure 3 suggests that long range phase shifts on either side of a step are nullified by some incoherence effect. The images apparently depend on the more local behaviour of the phase in the immediate vicinity of the step as represented by the phase gradient as a function of distance across the step (see Fig. 4 ). Typical REM images thus exhibit a partial degree of phase coherence which is quite remarkable. We need to identify the incoherence effect which destroys, but only partially destroys, the phase coherence. 4 . Temporal and spatial incoherence in REM images.
The presence of strong inelastic scattering effects in REM images due to the excitation of surface, and to some extent bulk, plasmons is by now very well established [17, 20, 25, 26] . At typical angles of incidence B -30 mrad the probability of valence excitation can be as great as 0.3. Since the loss probabilities vary inversely with 03B8, the probability of reflection without loss can become very small at small values of 03B8 when multiple losses occur. Despire the strength of inelastic scattering, its effect on step contrast seems to be extremely small since energy selected reflection images taken with zero loss and surface plasmon loss in the STEM show effectively identical contrast [25] . (1) but is built up gradually over a distance related to the penetration depth D shown in figure 3. An example taken from Bleloch et aL [26] is given in figure 5 . This preservation of contrast after inelastic scattering is rather reminiscent of the well known situation in transmission electron microscopy (TEM). Apart from any TEM chromatic aberration effect, the images are quite insensitive to temporal incoherence because at any given energy loss, the same elastically scattered components are present to interfere with one another. In the STEM, the chromatic aberration effect is of course absent.
The small spread of inelastic scattering angles generates some spatial incoherence which becomes noticeable in TEM images [11] , particularly at large defocus values [12, 13] . REM energy loss images are usually dominated by surface plasmon excitation, where the range of scattering angles is even smaller than for bulk plasmon excitation. Defocused, energy-loss REM images of steps do not therefore show significantly greater spatial incoherence than the zero-loss images. We may therefore conclude that the observed incoherence in most REM images arises not from the spread in energy or of inelastic scattering angles but must be due to the spatial incoherence of the illumination. [26] in the zero loss (a) and 11 eV surface plasmon loss (b). The two images are extremely similar apart for one or two fine details visible in (b) rather than in (a). Courtesy Plenum Press.
Spatial incoherence in REM illumination.
Bleloch et al. [20] suggested that the effective angular range of the illumination in REM might be limited to a range 039403B8B by the width of the Bragg reflection and that, because of the finite penetration depth D, the phase jump at a step would take place over a finite distance. Figure 3 suggests in fact that the phase jump at a small step should occur, as shown in figure 4, [27] using a field emission system. A further example of coherent step images taken with this system is shown in figure 6 . From the width of these step images, it can be seen that the coherence distance AXc is about 100 nm. The corresponding distance measured along the surface 0394Xc/03B8 is of course much greater. 
